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ABSTRACT
Studies of the formation of the first stars have established that they formed in
small halos of ∼ 105 − 106M⊙ via molecular hydrogen cooling. Since a low level of
ultraviolet radiation from stars suffices to dissociate molecular hydrogen, under the
usually-assumed scenario this primordial mode of star formation ended by redshift
z ∼ 15 and much more massive halos came to dominate star formation. However,
metal enrichment from the first stars may have allowed the smaller halos to continue to
form stars. In this Letter we explore the possible effect of star formation in metal-rich
low-mass halos on the redshifted 21-cm signal of neutral hydrogen from z = 6 − 40.
These halos are significantly affected by the supersonic streaming velocity, with its
characteristic baryon acoustic oscillation (BAO) signature. Thus, enrichment of low-
mass galaxies can produce a strong signature in the 21-cm power spectrum over a wide
range of redshifts, especially if star formation in the small halos was more efficient than
suggested by current simulations. We show that upcoming radio telescopes can easily
distinguish among various possible scenarios.
Key words: galaxies: formation – galaxies: high redshift – intergalactic medium –
cosmology: theory
1 INTRODUCTION
The first generation of stars is thought to have formed out of
pristine gas via radiative cooling of molecular hydrogen, H2,
in halos with mass above ∼ 105 M⊙ (e.g., Tegmark et al.
1997; Bromm et al. 2002; Yoshida et al. 2003). Radiative
cooling of atomic hydrogen (and helium) could only hap-
pen in the rarer halos that were heavier than ∼ 3× 107M⊙,
corresponding to virial temperatures above ∼ 104 K (e.g.,
Barkana & Loeb 2001).
Radiation emitted by the first stars likely had a dra-
matic impact on subsequent star formation (SF). In particu-
lar, photons in the Lyman-Werner (LW) band dissociated H2
and suppressed SF (Haiman et al. 1997). Simulations have
confirmed that, in the presence of LW radiation, the mini-
mum mass of a halo in which primordial gas can radiatively
cool increases (Machacek et al. 2001; Wise & Abel 2007;
O’Shea & Norman 2008; Visbal et al. 2014). This has moti-
⋆ E-mail: aviadc11@gmail.com
vated the usually-assumed paradigm that SF in molecular-
cooling halos was significantly suppressed at z ∼ 20 − 25
and completely cut off at z ∼ 10 − 15 (Ahn et al. 2009;
Holzbauer & Furlanetto 2012; Fialkov et al. 2013), with the
more massive atomic-cooling halos likely taking over SF dur-
ing the early stages of cosmic reionization.
SF in low-mass halos has major observational implica-
tions. In general, the most promising probe of early galax-
ies is the redshifted 21-cm line of neutral hydrogen (e.g.,
Pritchard & Loeb 2012). The brightness temperature of the
21-cm signal depends on SF through the environmental ef-
fects of radiative backgrounds (Lyman-α, X-ray, and ioniz-
ing, in particular). Efforts to detect this signal are underway
in low-frequency radio observatories whose main focus at
present is to probe mid-to-late reionization (z ∼ 6−12) (e.g.,
van Haarlem 2013; Bowman et al. 2013; Ali et al. 2015),
while future experiments are being designed to probe the
signal from even higher redshifts (Mellema et al. 2013).
A particularly important effect on small halos
is the supersonic streaming velocity of baryons rel-
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ative to the cold dark matter, often referred to as
vbc (Tseliakhovich & Hirata 2010). The baryonic
wind suppresses gas infall and SF in ∼ 106 M⊙ ha-
los (e.g., Tseliakhovich & Hirata 2010; Dalal et al.
2010; Tseliakhovich et al. 2011; Maio et al. 2011;
Stacy et al. 2011; Greif et al. 2011; Fialkov et al. 2012;
O’Leary & McQuinn 2012; Naoz et al. 2013; Fialkov 2014).
The power spectrum of relative velocity exhibits a strong
signature of baryon acoustic oscillations (BAOs) that were
imprinted in the velocity field at recombination. Through
the effect of vbc on SF, the BAOs are inherited by the
spatial distribution of stars (Dalal et al. 2010; Visbal et al.
2012). This signature, potentially detectable in 21-cm
fluctuations, is expected to remain only as long as small
halos (well below the atomic-cooling threshold) contribute
significant SF.
Depending on their masses, the first generation of
metal-free (Pop III) stars ended their lives either via su-
pernova explosions or by direct collapse to a black hole
(Woosley & Heger 2015). If a star died in an explosion, met-
als produced in its core were flung out into its parent galaxy
and diffused into the surrounding intergalactic medium. A
single explosion was likely enough to raise the gas metal-
licity within a significant volume above the critical level,
Zcrit ∼ 10
−4 Z⊙, at which metal-line cooling becomes effi-
cient (Karlsson et al. 2013). Since metals allow cooling down
to temperatures as low as H2 cooling (and even lower),
early metal enrichment suggests a way to avoid the above-
mentioned scenario in which small halos become irrelevant at
quite high redshifts. Unlike molecular cooling in halos of sim-
ilar masses, metal cooling is not strongly affected by the LW
radiation. Thus, even when the LW background builds up,
these halos can continue to form stars. The process that does
eventually sterilize these light halos is photoheating feedback
(e.g., Rees 1986; Weinberg et al. 1997; Navarro & Steinmetz
2000; Sobacchi & Mesinger 2013); once stars emit ionizing
radiation, the intergalactic gas that is photoheated above
104 K stops accreting onto halos below ∼ 108 − 109M⊙,
thus quenching subsequent SF within them.
While the details of Pop III stellar evolution and of
metallicity dispersal and clumping are complex and uncer-
tain, recent simulations (Wise et al. 2014; Jeon et al. 2014)
boost this novel scenario. These numerical studies of early
chemical feedback found that metal-enriched SF in halos
down to M ∼ 106M⊙ can account for ∼ 30% of the ionizing
photon budget of reionization. Motivated by the possibility
of avoiding LW feedback via metal cooling, in this Letter we
explore the 21-cm signatures of SF that continues in low-
mass halos until reionization.
2 MODEL AND METHODS
We use a semi-numerical simulation (Visbal et al. 2012) to
follow the non-linear evolution of the 21-cm signal in a
(768 Mpc)3 volume with (3 Mpc)3 cells. We start from a
random realization of the initial density and velocity fields,
with standard cosmological parameters (Ade et al. 2013). A
sub-grid model yields SF and the resulting radiation from
each cell. Integration over sources yields the inhomogeneous
backgrounds of X-ray, Lyα and ionizing radiation, and the
resulting 21-cm intensity.
In order to include the photoheating feedback on
SF, we begin with the simulation-based formula of
Sobacchi & Mesinger (2013) for the minimum halo mass
Mcrit that allows significant gas accretion within an ionized
region:
Mcrit = M0J
a
21
(
1 + z
10
)b [
1−
(
1 + z
1 + zIN
)c]d
, (1)
a function of redshift z, the intensity J21 of ionizing radia-
tion 1 in units of 10−21 erg s−1 Hz−1 cm−2 sr−1, the redshift
zIN at which the region was reionized, and the parameters
(M0, a, b, c, d) = (2.8× 10
9M⊙, 0.17,−2.1, 2, 2.5) .
Eq. (1) considers the effect of feedback on a fully-ionized
volume only, while in our simulation some cells are partially
ionized by internal sources. We thus modify the prescrip-
tion of Sobacchi & Mesinger (2013) to more realistically in-
clude the feedback on partially ionized cells. At any given
redshift z, we set zIN to be the redshift at which the ion-
ization fraction in the cell first passed half of its current
value at z. This improved prescription strengthens feedback
and delays reionization by ∆z ∼ 1. We note that in scenar-
ios in which low-mass halos form stars up until their region
is reionized, the large gap between the characteristic halo
masses of metal cooling (106M⊙) and of photoheating feed-
back (M0 = 2 × 10
9M⊙) results in extreme, sudden photo-
heating feedback that must be computed precisely.
In our simulation a halo forms stars if it is heavy
enough to both radiativly cool its gas and resist photo-
heating feedback. Hence, the minimum halo mass for SF is
Mmin = max[Mcool,Mcrit]. A typical cell in our simulation
begins with z = zIN and Mcrit = 0. Thus, Mmin = Mcool,
until reionization of the cell proceeds enough that the differ-
ence between zIN and z increases until Mcrit exceeds Mcool,
leading toMmin =Mcrit.Mmin is used to determine the frac-
tion of gas in star-forming halos, fgas (Tseliakhovich et al.
2011). For a partially ionized cell,
fgas = fgas,neut(1− xion) + fgas,ionxion, (2)
where xion is the ionized fraction of the cell, fgas,neut is the
star-forming gas fraction in this cell assuming no photoheat-
ing feedback and fgas,ion is the same fraction with the feed-
back. In addition, the effective Mcool increases in regions
with non-zero vbc (Fialkov et al. 2012).
Metal cooling in low-mass early halos has not been nu-
merically investigated as systematically as the case of molec-
ular cooling, plus it is in any case far more uncertain due to
the additional dependence on the production and dispersal
of metals. We conservatively assume that metal cooling oc-
curs in the same halos as H2 cooling (i.e., down to a circular
velocity of 4.2 km s−1), although metal cooling can occur at
even lower temperatures. One possible difference between
the two cooling channels is the mass dependence of the SF
efficiency f∗(M) at the low-mass end. For H2 cooling, we as-
sume a gradual low-mass cutoff as assumed by Fialkov et al.
1 Noting that a is small and J21 depends only weakly on redshift
(Fig. 7 of Sobacchi & Mesinger (2013)), we simply set J21 = 0.5.
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(2013) based on simulations (Machacek et al. 2001):
f∗(M) =


f∗ Matomic < M ,
f∗
log(M/Mmin)
log(Matomic/Mmin)
Mmin < M < Matomic ,
0 otherwise,
(3)
where f∗ is the efficiency (assumed constant) above the min-
imum halo mass for atomic cooling, Matomic. However, this
is not expected to apply to metal cooling. Thus, we also
consider a simple, sharp cutoff at Mmin, with a constant
SF efficiency f∗ at all M > Mmin. We note that even in
the H2 cooling case, the applicability of Eq. (3) is quite un-
certain since it is based on simulations that are far from
demonstrating numerical and physical convergence. In ad-
dition, the value of f∗ is highly unconstrained. Some ob-
servations suggest a decreasing SF efficiency in metal-poor
galaxies (Shi et al. 2014), which may be consistent with low
f∗ values in simulations (Jeon et al. 2014; Wise et al. 2014;
O’Shea et al. 2015) due to the overall effect of supernovae
and radiative feedbacks. We adopt f∗ ∼ 5% as a typical
efficiency.
We wish to compare to a model that is based closely on
current simulations. O’Shea et al. (2015) presented a fitting
function for the fraction of halos containing metal-enriched
stars at the final redshift of their simulations, focc(M) (the
halo occupancy fraction). This formula implies that halos
below ∼ 107M⊙ contain almost no stars. Based on the re-
sults of Wise et al. (2014) (see their Figure 3), we adopt a
smooth transition from high occupancy to the focc(M) for-
mula at redshifts for which the reionization fraction goes
from ∼ 1% to ∼ 15%. Based on the simulations, in this case
we also adopt a low SF efficiency of 0.6%.
It is important to note that current simulations are lim-
ited by resolution, given that ∼ 500 particles per halo are
needed in order to determine overall halo properties (such as
halo mass) to within a factor of two (Springel & Hernquist
2003); for better accuracy or to determine properties such
as SF, more particles are required. In Wise et al. (2014)
and O’Shea et al. (2015), the mass of a 500-particle halo
is 9 × 105M⊙ and 1.4 × 10
7M⊙, respectively. Simulations
with much higher dark matter resolution (Jeon et al. 2015)
find some (low-efficiency) SF in halos down to 106M⊙ at
relatively low redshifts, though such simulations can only
follow a tiny cosmic volume that is not representative. Some
of our models below assume significantly more SF than is
suggested by current simulations; our goal is to show that
upcoming observations can easily distinguish among these
various possibilities.
Another high-redshift process that is poorly constrained
is heating. The spectral energy distribution (SED) of high-z
X-ray sources is often modeled by a soft power-law spec-
trum (Furlanetto 2006). However, the spectrum of X-ray
binaries, the known source population most likely to dom-
inate high-redshift X-rays, is expected to be rather hard
(Fragos et al. 2013). Illuminated by the hard (compared to
soft) X-rays, the Universe heats up more slowly and uni-
formly, with the heating transition (defined as the time when
the mean gas temperature equals that of the cosmic mi-
crowave background) delayed due to the larger mean free
path of the hard X-ray photons (Fialkov et al. 2014).
3 RESULTS
We show predictions for the 21-cm power spectrum (PS) in
a number of scenarios, comparing various possibilities in-
cluding significant metal cooling in small halos. We consider
large scales that are feasible to observe and include the char-
acteristic scale of ∼ 120 Mpc of the BAO signature from vbc.
We cover a wide range of redshifts and cosmic events, explor-
ing how the possibility of metal cooling increases the range
of possible 21-cm signals compared to previous expectations.
In order to survey the parameter space and isolate var-
ious effects (see section 2), we compare six models/cases:
• Our “Maximal” case: hard X-ray SED, sharp f∗(M)
cutoff (i.e., constant f∗ down to Mmin), with photoheating
feedback. This exemplifies a case with effective metal-cooling
but ineffective stellar feedback, allowing efficient SF in halos
as small as the minimum halo mass for H2 cooling.
• The “Simulation-Based” case: Like the Maximal, except
with the smooth transition to focc(M) and a ten times lower
SF efficiency. This case represents current simulation results.
• The “Gradual” case: Like the Maximal, except with
a gradual cutoff in f∗(M) (Eq. 3). For the metal-cooling
case, this illustrates some of the range of uncertainty in the
effectiveness of SF in small halos; it also corresponds to the
case of H2 cooling in the limit of ineffective LW feedback.
• The “No-Feedback” case: Like the Maximal, but with-
out photoheating feedback. This is a comparison case, useful
for isolating the effect of photoheating feedback.
• The “Soft” case: Like the Maximal, except with a soft
X-ray SED. This case illustrates the effect of one of the key
uncertain parameters, the spectrum of early X-ray sources.
• The “Atomic” case: Like the Maximal, but assuming
star formation only in halos above the minimum mass for
atomic cooling. This is the limiting case of ineffective SF in
small halos due to LW or internal feedback; it provides a
comparison case for highlighting the impact of small halos.
For each model the SF efficiency is normalized so that the
escape fraction of ionizing photons is ∼ 20% and the total
optical depth to reionization is τ = 0.066 (Ade et al. 2015)
(except for the Simulation-Based case, in which we set f∗ =
0.006 and assume the resulting required ionizing efficiency).
If with this choice of f∗ reionization ends too late, we set
it to yield a reionization fraction of at least 95% by z = 6,
while making sure that the optical depth is within the 2-σ
error bars of Planck (Ade et al. 2015).
Since the streaming velocity causes the most interest-
ing observational signature of small halos, we compare the
predictions of each model including or excluding the ef-
fect of vbc. The effect of vbc is expected to be stronger in
models with weak feedback, where stars form efficiently in
small halos. This effect should thus decrease in the following
order: No-Feedback, Maximal/Soft, Gradual, Simulation-
Based and Atomic.
We begin by showing the overall redshift evolution of
large-scale power (on the BAO scale) in Figure 1, for our
six cases with or without the streaming velocity. The com-
parison among the various cases is made more complex by
the fact that a number of distinct sources of 21-cm fluc-
tuations contribute at various times, and also the mod-
els are normalized based on observational limits at mid-
to-late reionization (i.e., at the low-redshift end of the fig-
c© 2015 RAS, MNRAS 000, 1–6
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Figure 1. The (spherically-averaged) 21-cm power spectrum as a function of redshift. We show the amplitude at k =
0.05 Mpc−1 with (right panel) or without (left panel) vbc. We consider our Maximal (black solid), Simulation-Based (gray), Gradual
(magenta), No-Feedback (green), Soft (blue), or Atomic (red) models. For easier comparison, in each panel we also show the PS for the
Maximal case from the other panel (black dashed). The cyan dotted line shows the power spectrum of the thermal noise for the SKA1
assuming a single beam, integration time of 1000 hours, and 10 MHz bandwidth.
ure). A generic plot of this type for the 21-cm PS has
three peaks (Barkana & Loeb 2005; Pritchard & Furlanetto
2007; Pritchard & Loeb 2008): the high-redshift peak, at
z ∼ 20 − 30, is due to Lyα fluctuations; the mid-redshift
peak, at z ∼ 15 − 22, is due to heating fluctuations; and
the low-redshift peak, at z ∼ 7 in these models, is due to
ionization fluctuations.
Without vbc, models with more massive halos have
stronger 21-cm fluctuations, since such halos are more
strongly biased, and show lower-redshift peaks, since such
halos form later. This can be seen by comparing the Atomic,
Gradual, and Maximal cases. The streaming velocity has al-
most no effect on the Atomic case, but greatly enhances the
large-scale clustering of small halos, thus lifting the peaks
in the Gradual and Maximal cases to the same level as the
Atomic case (for the Lyα peak) or even higher (for the heat-
ing peak). We note that the increased clustering (due to the
spatial fluctuations in vbc) is added on top of the increased
bias (due to the overall vbc-induced suppression of SF in
low-mass halos).
In the Simulation-Based case all features of the power
spectrum are shifted toward lower redshifts compared to the
Maximal model due to the slower build-up of stellar popu-
lations. For this case there is an extra peak at z ∼ 14 due
to the transition to very low SF efficiency in small halos
(though this added feature is sensitive to the assumed speed
of this transition). In addition, fluctuations during reioniza-
tion are significantly suppressed since the much lower SF
efficiency results in colder reionization (for a fixed X-ray to
SF efficiency ratio). By comparing to the Maximal case, it
can be seen that there is an amplification of the fluctuations
due to the vbc at high redshifts, while at redshifts lower
than ∼ 14 the vbc effect is negligible due to the transition
to strong stellar feedback.
Comparing the Soft model to the Maximal, with or
without vbc, shows that the main influence of the X-ray
spectrum (which affects only the heating fluctuations) is on
the amplitude of the heating peak; in the case of hard X-
rays this peak is quite weak, and disappears completely on
smaller scales (Fialkov & Barkana 2014). The No-Feedback
model artificially keeps low-mass halos forming stars until
the end of reionization; the low-redshift normalization thus
forces this model to delay its high-redshift SF and related
cosmic events. The No-Feedback model is also continuously
affected by the streaming velocity, while the other models
show a disappearing vbc effect as reionization ends.
We show in Figure 2 the PS versus k at several key red-
shifts. While the overall normalization (which is key for ob-
servability) was shown in Figure 1, here we focus on the PS
shape (which is key for detecting the vbc signature). Specifi-
cally, we compare the PS at k = 0.05 Mpc−1 (the large-scale
BAO peak, where the vbc enhancement is maximized) to its
value at k = 0.3 Mpc−1 (a scale that is small enough not
to be strongly affected by vbc, yet is large enough compared
to our numerical resolution and the angular resolution of
observations). We thus examine (at each z) the ratio
R ≡
PSvbc(0.05)
PSvbc(0.3)
(
PSno vbc(0.05)
PSno vbc(0.3)
)−1
, (4)
which compares the PS slope with and without vbc.
The top panel of Figure 2 shows the Lyα peak, the
highest-redshift cosmic event with a large 21-cm signal
(Barkana & Loeb 2005). At this early time, low-mass halos
are likely to dominate, so we compare the Maximal model
(with f∗(M) giving a sharp cutoff) to the Gradual model. As
expected, the effect of vbc is larger for the Maximal model
(R = 2.2 compared to R = 1.6). Thus, early metal-cooling
can enhance the BAO signature at the Lyα peak.
The middle panel highlights the heating peak, showing
the strong dependence of this feature on the spectrum of
the X-ray heating sources. Hard photons travel further, so
the redshifting of the photon energies leads to slower cosmic
heating with hard X-rays, as well as smaller fluctuations due
to the large-scale smoothing of the heating (Fialkov et al.
2014). The stronger impact of fluctuations (including those
c© 2015 RAS, MNRAS 000, 1–6
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Figure 2. The (spherically-averaged) 21-cm power spec-
trum as a function of k. We consider different cases at several
important redshifts, either with (solid) or without (dashed) the
streaming velocity. The top panel focuses on the Lyα peak, and
compares the Maximal (red) and Gradual (blue) models. Corre-
sponding redshifts are z = 27.4 (red solid), 29.1 (red dashed), 24.7
(blue solid), and 25.5 (blue dashed). The middle panel focuses on
the heating peak, and compares the Maximal (red) and Soft (blue)
models. The redshifts are 19.2 (red solid), 19.6 (red dashed), 21
(blue solid), and 22 (blue dashed). The bottom panel shows the
midpoint of reionization (i.e., when half the intergalactic medium
has been reionized), and compares the Maximal (red) and No-
Feedback (blue) models. The redshifts are 10.1 (red solid), 10.6
(red dashed), 8.4 (blue solid), and 8.5 (blue dashed). The cyan
dotted line (in each panel) shows the PS of the thermal noise for
the SKA1 assuming a single beam, integration time of 1000 hours,
and 10 MHz bandwidth at the redshift of the red solid line.
from vbc) in the Soft case (as in Visbal et al. (2012)) yields
R = 2.9, while for the Maximal (hard X-ray) case R is only
1.4. We note that both cases in this panel assume the sharp
f∗(M) and no LW feedback, features made more likely by
the possibility of metal cooling.
The bottom panel shows the possibility of a strong BAO
effect from streaming velocity down to relatively low red-
shift. Specifically, at the midpoint of reionization (a time
that current observations are trying to probe), metal cool-
ing may allow a large vbc effect. Since photoheating feedback
is significant at this time, we show the No-Feedback case
in addition to the Maximal model. Ionization fluctuations
dominate here the 21-cm PS, and the photoheating feedback
makes the reionization more spatially uniform since regions
with a large ionized fraction experience stronger feedback2;
it also makes reionization more gradual and thus pushes
mid-reionization to a higher redshift relative to the end of
reionization. However, due to the continued SF in small ha-
los within the regions that have not yet been reionized, we
find only a small effect of this feedback on the power spec-
trum shape: R = 1.8 for the Maximal model compared with
R = 2.0 for the No-Feedback case. We note that in the case
of H2 cooling, LW feedback would have saturated by this
2 Note that at relatively early times the photoheating feedback
can also enhance the fluctuations since it suppresses small galaxies
leaving only larger, more highly biased ones.
time (see section 1), giving no vbc effect (i.e., R = 1), as for
the Atomic case.
For the Simulation-Based case, we get R = 1.8 at z ∼ 14
(ionization fraction of ∼ 10%), while at lower redshifts small
halos are significantly suppressed and R approaches 1.
4 SUMMARY AND CONCLUSIONS
In this Letter we have explored the possibility of metal-line
cooling in high-redshift low-mass halos, focusing on its ef-
fect on the observable 21-cm signal from hydrogen. In the
presence of metals, small halos can cool and form stars even
after the build-up of the LW background (which shuts down
SF via the H2 cooling channel). Thus, they can continue
to contribute to SF even late in cosmic history. Within this
scenario we have made predictions for the 21-cm power spec-
trum from a range of early times (z = 6 − 40), accounting
for a range of possible parameters for high-redshift astro-
physical processes that are poorly constrained at present.
In particular, we considered soft or hard SEDs of the first
X-ray sources, a sharp or smooth cutoff in the efficiency of
SF in low-mass halos, and the effect of ionizing photons on
the amount of gas available for cooling (the photoheating
feedback).
We found that the SF in small halos, if it is indeed en-
hanced by metal cooling, can strongly affect the 21-cm signal
from all the considered redshifts. An especially interesting
implication is that the BAOs imprinted by the supersonic
relative velocities between dark matter and baryons on the
21-cm signal, are enhanced and can survive to much later
times than previously thought, especially if SF in small halos
was more efficient than suggested by current simulations. In
particular, the height of the large-scale BAO peak (relative
to the PS at smaller scales) is enhanced for our Simulation-
Based model by a factor of R = 1.8 down to z = 14 (the
beginning of reionization). For the Maximal model the en-
hancement is by a factor of R = 2.2 at the z = 27 Lyα peak,
R = 1.4 at the z = 19 heating peak (boosted to R = 2.9 in
the Soft X-ray case), and a still significant R = 1.8 at the
midpoint of reionization (z = 10 in this model).
Current experiments are making rapid progress toward
detecting the 21-cm signal from z ∼ 10, while future exper-
iments are planned for even higher redshifts. These instru-
ments will likely be able to probe the role of small halos in
the history of the early Universe by measuring their 21-cm
signature, in particular the BAOs imprinted by the super-
sonic streaming velocity. Such an exciting detection would
shed light on the dawn of star formation.
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